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FACIO-SCAPULO-HUMERAL MUSCULAR DYSTROPHY

—~ FSHD was first described in 1885 by Landouzy and Déjerine

Louis Théophile Joseph Landouzy

Jules D¢jérine
Qi lelly) (1849 - 1917)

- FSHD is a hereditary neuromuscular dystrophy most frequent in France with an
incidence of 1 : 14 000

—> FSHD has a variable severity and age onset, but by the age of 20, the penetrance of the
disease is almost complete

—> The disease Is characterized by progressive weakness and atrophy of the facial and
shoulder girdle muscles, which subsequently spreads to the abdominal and pelvic girdle

muscles with highly variable expressions I — \
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CLINICAL MANIFESTATIONS OF FSHD
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FSHD FEATURES AT THE CELLULAR LEVEL

Morphology of FSHD myotubes

FSHD

Normal Atrophic Disorganized
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D474 AND THE TRANSCRIPTIONAL CONTROL IN FSHD1

2

ANT1

DUX4c FRG2 Telomere

DUX4
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MOLECULAR MECHANIMS OF TRANSCRIPTIONAL
CONTROL IN FSHD1
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DUX4: ACANDIDATE GENE FOR FSHD

»>Belongs to DUX proteins family with double homeodomains (Beckers, Gene 2001)
»Transcription factor containing conserved DNA binding domains at the N-terminal region

»Epigenetically repressed in somatic tissues, except in germ cells of human testes (Snider, 2010)

»>Effects :

A
OXIDATIVE

STRESS

Genes involved in muscle atrophy
Vanderplanck, Plos One 2011)

(Bosnakovski, EMBO J.

2008)
Glutathione redox
(Kowaljow, Neuromuscul Disord. 2007)

DUX4

Sefect \/(Duxut PNA%
etective PITX1 TP53

differentiation €= MyoD
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DNA REPAIR GENES ARE UPREGULATED IN

Upregulated in FSHD

FANCD2:
BRCA2:
BRCA1:
Rad51:
ERCC1.:
MSHS6:
Rad50:

3,1Xx
3,8X%
2.3X
3,0x

FSHD MYOBLASTS
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DNA DAMAGE AND OXDATIVE STRESS: AROLE
IN FSHD?

—> Does oxidative stress affect DNA in FSHD myoblasts?

—>Is there a link between DUX4, oxidative stress and DNA damage In
FSHD?

—>What is the effect of oxidative stress on pathophysiology of FSHD?
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DNA DAMAGE IN FSHD MYOBLASTS
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DNA DAMAGE ASSESSMENT BY COMET ASSAY
TECHNIQUE

Visual analysis

Comet Assay Procedure # o
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Cells mixed with Immobilize

Treat cells @ 4 N
5 -
low melting cells on with Lysis € 11’ 7P
agarose at37°C CometSkde™ Solution (removes t /_ -
(LM Agarosa) membranes and —

histones from the DNA)

Stage 2 Stage 3 Stage 4

L ¢ i] ;\ TriTek CometScore

‘M

Samples /)

treated with ' f'/ Samples stained with intercalating
alkali funwinds dye and visualized by epifluorescence
and denatures DNA} -y microscopy following alkaline electro-

phoresis, which reveals DNA breaks

Tail Moment Length

% DNA in tail > DNA break frequency
Tail length - size of the DNA fragments
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DNA DAMAGE IN FSHD PRIMARY MYOBLASTS

Tail moment, a.u. 25 0 Normal
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—->DNA damage is higher in FSHD as compared to normal primary
myoblasts



DUX4 INDUCES DNA DAMAGE IN FSHD

» DUX4 overexpression in human immortalized myoblasts
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—> DNA damage was significantly higher in DUX4- overexpressmg ceIIs
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DUX4 KNOCKDOWN IN FSHD PRIMARY MYOBLASTS

Primary FSHD myoblasts transfected with siDUX4:

257 | |
: : 1 SHD M FSHD MB
siControl siDUX4 2 20_: % S - " ) | 5
= : § TERE ! Contr_- = - MWM =
b | o
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(L/L) g 10 - E
- o] siDUX4 + - + -
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o
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- DUX4 knockdown reduces DNA damage in FSHD myoblasts
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DUX4 OVEREXPRESSION INDUCES ROS AND CAN
BE PARTIALLY COUNTERED BY TEMPOL

Measurement of the ROS level by Dihydroethidium (DHE) labeling of living cells
DMSO Tempol

ROS
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DHE fluorescence, a.u.
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—2>ROS level was significantly increased in DUX4-overexpressing immortalized
myoblasts

—> A synthetic anti-oxidant molecule (Tempol) reduced DUX4-induced DNA damage
and ROS accumulation in DUX4-transfected cells

- DNA damage by DUX4 involves ROS accumulation in the cell
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DNA DAMAGE IN FSHD MYOBLASTS IS PROVOKED

ROS
8x10° 4 Norm. FSHD
] T | [Qrempo
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|=
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>The level of ROS was - Tempol-treated FSHD cells
considerably higher in FSHD demonstrated a level of DNA
myoblasts damage similar to that of normal

cells
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DNA DAMAGE AFFECTS THE MYOGENIC
DIFFERENTIATION OF FSHD MYOBLASTS

DMSO Tempol

Disoraganized FSHD

Atrophic FSHD myotubes
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DNA repaira and replication genes are differentially

Sy
5 LS o
& & S

BLM 2.79\1E2F |MYC |X X Bloom syndrome, Recl helicase-like

MCNM2 1,04|E2F X minichromosome maintenance complex component 2
c MCM3 2.66|E2F |MYC |X minichromosome maintenance complex component 3
(@) MCMS 2.38|E2F X minichromosome maintenance complex component 5
— POLA 2,33|E2F X DMA polymerase alpha
8 CDEK2 2.30|E2F x cyclin-dependent kinase 2
= FEN1 1.55|E2F X X flap structure-specific endonuclease 1
o REM1 1.19(E2F X ribonuclectide reductase M1
9_) TK1l 2.32|E2F X thymidine kinase 1, salukle
< ERCC1 2.51|E2F x Excizion repair cross-complementing 1
Z CDC2 2. 42|E2F x cell division cycle 2, G1to S and G2 to M
A CCNA2Z 205(E2F [MWMYC X oyclin A2

- TOP1 2,22 MYC X Topoisomerase 1

CCNB1 2,47 MYC X cyclin B1

EADS0 2.13 MYC x RADSD homolog (5. cerevisiae)

RADS1 2.65 MYC X RADS1 homolog [Rech homolog, E. coli) (5. cerevisiae)

MSH2 221 MYC X muts homalog 2, colon cancer, nonpolyposis type 1 (E. coli)

MSHG 2.62 MYC X muts homalog &, colon cancer, nonpolyposis type 1 (E. coli)

EXOI1 1.72 MYC x exonuclease 1

FANCD2 1.80 MYC X Fanconi anemia, complementation group D2

JUN 2,51 jun proto-cncogene

- JCDENIA 2.31 cyclin-dependent kinase inhibitor 14 (p21, Cipl)

DMITRIEV Petr
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Cisplatin treatment: 25uM , 2 hours
Assessment of DNA repaira efficiency 24h and 48h post-treatment
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Cisplatin residues are more important in DUX4-expressing cells as compared to cells
transfected with GFP
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FSHD myoblasts demonstrate normal cell cycle

distribution
the cell cycle distribution of FSHD cells was tested using BrdU labeling

0% 20% 40% &0% 80 100%%
datals
datals
Normal datal7
datals B cther
datald mGl
G2

dataz0
dataZl

FSHD dataz2

data23

dataz4

P-value =0.4206 P-value = 0.5476 P-value = 0.2222

No statistically significant differences in cell cycle stage distribution of FSHD cells as compared
to normal myoblasts (Although several FSHD myoblast lines had higher percentage gbs-phase
cells)
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FSHD myoblasts demonstrate normal cell cycle

distribution

the cell cycle distribution of FSHD cells was tested using BrdU labeling
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No statistically significant differences in cell cycle stage distribution of FSHD cells as compared
to normal myoblasts (Although several FSHD myoblast lines had higher percentage gﬁ_s-phase

cells)
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I-Myo DUX4 repaira less efficiently cisplatin adducts

Cisplatin treatment: 25uM , 2 hours
Assessment of DNA repaira efficiency 24h and 48h post-treatment

X
Q
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LHNCM2-GFP
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Cisplatin residues are more important in DUX4-expressing cells as compared to cells
transfected with GFP
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Mismatch repair(MMR) — MSH6

/\ Mismatch

N

g

Mismatch recognition

PCNA

= J\/

DNA polymerases

=\ )

PMS2
l Excision
EXO1 >
Resynthesis
Ligation

Nature Reviews | Immunology

- MSH2—-MSH6 heterodimers bind to single base-pair mismatches
- MMR might occur during DNA replication.

- Single-stranded DNA breaks occur during MMR

- The lesion is digested by exonucleases, such as EXO1, and then filled-in by translesional and/or

replicative DNA polymerases.

cr)
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Nucleotide excision repair (NER) — ERCC1

Exogenous damage (e.g. UV) ] i Exogenous antioxidants
Endogenous damage (e.g. ROS) | Endogenous antioxidants
b‘aﬁég’é.
Transcribed region Non-transcribed region

bt
>

Common repair pathway

TFIH XPD

35

Nature Reviews | Genetics
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Base excision repair (BER)

a Base excision repair b Mismatch repair
A | A
5 s $300 Yoo
5 U 33 X 3
DONA glycosylase

|

5" AP endonuclease

dRPase + ONA polymerase MUTSP f\ @

|

DNA ligase
A
GF 5! Sl‘ 5?
5 ) . 0.0 00000 ¢ 3y g’
T T

Nature Reviews | Cancer
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DSB is sensed by the Ku80—
Ku70 heterodimer, which
recruits the DNA-dependent
protein kinase catalytic
subunit DNAPKcs, resulting in
assembly of the DNAPK
complex and activation of its
kinase activity = recruitment
of XRCC4, DNA ligase IV, XLF
and Artemis, which carry out
the final rejoining reaction.

DSB repair — HR/NHE)J

Non-homologous end joining
Break

Homologous recombination
Break

D58

DSB

Sensing KuB80-Ku70

Sensing 4 MRN

—

<

Recruitment of DNAPK
DNAPK complex

Resection

—1

Activation of DNAPK
Artemis
’

R —_—
\

@ e e ®
Recruitment of the
ligase activity
| KLF-XRCC4-Ligase IV

[ — 7-—' 1
} t y
Cf}( (PP

Synapsis

Strand invasion and
D-loop formation

RADSZ RADSI

Repair

Nature Reviews | Molecular Cell Biology
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Rad50

DSB is recognized by the
MRN (MRE11-RAD50-NBS1)
complex, which is recruited
to the DSB to generate
single-stranded DNA by
resection.The single-
stranded ends are bound by
replication protein A (RPA),
RAD51 and RAD52 and can
invade the homologous
template, creating a D-

loop and a Holliday junction,
to prime DNA synthesis and
to copy and ultimately
restore genetic information
that was disrupted by the
DSB.
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Cellular defense against the toxic effects of oxygen radicals

PHS
2 G6-FOH
| =<

F
i l$ thp"n;'mw b
lotica e ree Radical /‘_'\
‘ penos )"-_ ntermediate

NAD™Y

(

G5H Reductase
GSH

Quinon&

Sommum-mn

GSH Perouidase

See/

2 HO + O3

catalase
20p GSH
4 05—&42 K303 reductase \ #NADP*
+4H*
GSH
peroxidase 2GSSG NADPH
4 H,0
, 38
. + -
Fenton reaction: H>O, + Fe FPB*;J- OH+ OH®°

ananananananananananananan

FACULTE pE gﬂ\EF[iTg%SS ’I‘_ Institut de cancérologie \{/
d% @ GUSTAVE ROUSSY '



Mono-oxygenases hv

MADPH oxidases S0D Fa™
a, —_— 0, — H,0, ———= Ood
Redox cycling .
compounds Fenton reaction }-\\\ Eerritin
LA HOx
.[ 50D Catalase

. GSSG
Oz OR, MT GPx Glutathione reductase
GSH

Vitamins C and E

y-Glutamylcystaine synthase

MAC, cysteine

Figure 1 ROS generation and detoxification

Vanious chemical reactions, with or without enzymic catalysis, generate ROS. The dioxygen molecule undergoes successive reductions which yield the superoxide radical anion {0, ), hydrogen
perowide (H,0,) and the hydrocyl radical (OH-). Anfioxidant systems act as ROS scavengers bo maintain the intracaliular redox status. Quinone reductase (OR) detmafies quinone compounds,
metallothionein (MT) fraps (heavy) metal cations, and vitaminz C and E frap free redicals. 500 and catalase respectively dismutate superoxide (into oxynen and hydropen peroide) and hydrogen
peroxide: (into cxygen and water). Glutathione peroxidase (GPy) zcés like catalase on various percvide compounds, incheding H,0,,. The catalyfic cycle of glutathione perovidase involves the oridation
of G3H. G35G can be reduced back to GSH by glutathione reductase. p-Glutamylcysteine synthase iz the limiting enzyme in the synthesis of GSH, and Macetylcysteine (MAC) is a precursor of
G5H. Haem oxygenase (HOx) calzbolizes free haem sfructures, and the ferrtin molecule traps Fe cabons, which mits the deleterious Fenton reachion. ha, symbal for radiation energy.
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Genes that can undergo oxidative repression

Endogenous gene Redox modulator/AOS penerator Refarence(s)
IL-2 H,0, (extracedlular) 45
Xanthine moidase achvity 52
Polyamine oxidase achivity 53
THFz (T cells) H.0, (extraceflular) 5d
C03 (£ chain) Hyl, (extracedlular) 56
C6 (£ chan) H,0, {macrophage-produced); diamide 57
Cycling CLN1 and CLNZ {yeast) 0, thyperaia) 70,71
Glucokinasa 0, (hypermea); H,0, (extracellular) 72
PEPCK H,, (extracellular) 74
Insulin Glycation process 73
Tyrosine hydrowylase 0, (hyperoxia) 85
Tyrosine aminatransferaze; fryplophan dioxygenasa Perowidation products 73
ps2 H,, (extracellular) B4
CYPA H,0, (extracellular) a2
Glutathione depletion; CYPAAT activity o3
THFa; IL1 8 o4
Several CYPs Inflammatory cytokines 8634
Growth factors 8990
Ferritin H,0, (extracedlular) 100
NO 105
EPO H,, (etracellular) 108,109
0, {normoxia and hyperoxia) 110
e-Acfin; troponin |; myosin (light chain); creatine kinass (M izoform) Hy0, (extracellular); glicose midase achvity 114
Myozin creatinine phosphokinase (muscle) NO; TNFx 113
Cylochrome ¢ oxidase H,0, (extracellular); catalase knock-out 64
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Table 2 Transcription factors that can undergo oxidative repression

Abbreviations: S¥40, simian virus 40; NLS, nuclear localization signal; PEBP2/CBF. palyoma virus enhancer-binding protein 2/core binding fachor.

Transcription factor ROS target Related gene redox regulation Referencels)
Spl DBD (Cys.His, zinc fingers) SVA0 (wiral promoker); F-enolase; dibydrofolate reductzse 129132
N Several cysteines within the DBD CYP1AI 126
A cysteine within the TAD CYP1AI a3
GR Cysteines within the DED Tymsine aminoiransferase 7678
Cys-481 within the NLS Tryptophan dimeynenase 49 82
ER Cysteines within the DBD pa2 3,84
LUSF Cys-229 and Cys-248 (DBO) - 135
MyoD Cys-135 - 137
HIF-12 Cys-T74 (TAD) EPD 139141 143144
FEBPZ/CEBF Cys-124 (DBD) - 159
AP-1 (Jun) Cys-252 (DBD) — 160
AP-1 (Fos) Cys-154 (DBD) - 160
NF-&B (ps0) Cys-61 (DBD) - 167,168
phd Sevaral cysteines within the DBD - 148149 151 152
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FSHD - Clinical manifestations

*Progressive muscle weakness and asymmetric muscle impairment

» FSHD is characterized by onset of weakness in a characteristic distribution:
facial weakness—>scapular fixator ->humeral = truncal = lower-extremity weakness

Muscle Weakness Distribution

*The most common initial symptom is difficulty reaching above shoulder level
muscles affected muscles unaffected

 Wide ranging clinical severity :.from asymptomatlc Ividuals to wheelchair-dependentindividuals

* Muscle and tendon pains related to the muscle. d 75
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FSHD — Current treatments

No disease-specific therapeutic strategies :

—Non steroidal anti-inflammatory drugs to relief the pain
—> Exercise: strength training and aerobic exercise (depending on individual disease severity)
->Surgical interventions (eg. Scapular fixation)

—>Pharmacological strategies have been tested
- Corticosteroids

- Creatine monohydrate _ _
- Myostatin inhibition No benefit on muscle function or strength

- Folic acid
- Methionine supplementation) ...

—Autologous muscle stem cell therapy ? 43
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DNA damage and DNA repaira efficacy in FSHD

Primary myoblasts derived from FSHD patients used in this study

Brooke scale

Name Sex Age (years) DaZ4 copy number  Muscle ARMS Vignos scale LEGS
FSHDA M 30 5 Trapezius 4 5
FSHD2 F 54 5 Piriformis 3 4
FSHD3 F 32 7 Vastus lateralis 1 1
FSHD4 M 41 7 Infraspinatus 4 4
FSHD5 M 53 6 Vastus lateralis 2 3
FSHDG F 23 8 Vastus lateralis 1 1
FSHD7 M 53 9 Femoral biceps 2 2
FSHDA M 39 6 Vastus lateralis 2 1
FSHDY M 36 7 Vastus lateralis 2 1
FSHD10 F 20 4 Vastus lateralis 1 1
FSHD11 M 44 7 Vastus lateralis 3 3
FSHD12 F 38 7 Vastus lateralis 1 1
FSHD13 F 42 8 Vastus lateralis 4 3
FSHD14 M 25 4 Vastus lateralis 1 1
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DUX4 overexpression induces an increase in DNA damage in I-Myo
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AP sites

Oxidative attacks by hydroxy radicals on the deoxyribose moiety will lead to the release of free bases
from DNA, generating strand breaks with various sugar modifications and simple abasic sites (AP sites).
In fact, AP sites are one of the major types of damage generated by ROS. Aldehyde Reactive Probe
(ARP; N’-aminooxymethylcarbonylhydrazin-D-biotin) reacts specifically with an aldehyde group present
on the open ring form of the AP sites.

The loss of DNA bases and attendant formation of AP sites in DNA occurs spontaneously as a result of

hydrolytic cleavage of N-glycosylic bonds. AP sites are also generated through glycosylase-catalyzed
removal of damaged bases during the early stage of base excision repair (BER)
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lonizing radiation UV, replication errors, HU
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Cell-cycle-checkpoint arrest  Apoptosis

Apoptosis Senescence
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DNA damage

Nuclear
export

Proteasomal
degradation
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Pathways involved in mediating cisplatin-induced cellular effects
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Figure 1 An overview of pathways involved in mediating
cisplatin-induced cellular effects. Cell death or cell survival will
depend on the relative intensity of the signals generated and the
crosstalk between the pathways involved. Some of the signaling
discussed in the text has been omitted for clarity 49
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Nuclear Organization and Pathologies Lab (UMR-8126, IGR, Villejuif, France):
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